Groot HJ, Trinity JD, Layec G, Rossman MJ, Ives SJ, Richardson RS. Perfusion pressure and movement-induced hyperemia: evidence of limited vascular function and vasodilatory reserve with age. Am J Physiol Heart Circ Physiol 304: H610 -H619, 2013. First published December 21, 2012; doi:10.1152/ajpheart.00656.2012.-To better understand the mechanisms contributing to reduced blood flow with age, this study sought to elucidate the impact of altered femoral perfusion pressure (FPP) on movement-induced hyperemia. Passive leg movement was performed in 10 young (22 Ϯ 1 yr) and 12 old (72 Ϯ 2 yr) healthy men for 2 min, with and without a posture-induced change in FPP (ϳ7 Ϯ 1 ⌬mmHg). Second-by-second measurements of central and peripheral hemodynamic responses were acquired noninvasively (finger photoplethysmography and Doppler ultrasound, respectively), with FPP confirmed in a subset of four young and four old subjects with arterial and venous catheters. Central hemodynamic responses (heart rate, stroke volume, cardiac output, mean arterial pressure) were not affected by age or position. The young exhibited a ϳ70% greater movement-induced peak change in leg blood flow (⌬LBFpeak) in the upright-seated posture (supine: 596Ϯ68 ml/min; upright: 1,026 Ϯ 85 ml/min). However, in the old the posture change did not alter ⌬LBFpeak (supine: 417Ϯ42 ml/min; upright: 412Ϯ56 ml/min), despite the similar increases in FPP. Similarly, movement-induced peak change in leg vascular conductance was ϳ80% greater for the young in the upright-seated posture (supine: 7.1 Ϯ 0.8 ml·min Ϫ1 ·mmHg Ϫ1 ; upright: 12.8 Ϯ 1.3 ml·min Ϫ1 ·mmHg Ϫ1 ), while the old again exhibited no difference between postures (supine: 4.7 Ϯ 0.4 ml·min Ϫ1 ·mmHg Ϫ1 ; upright: 4.8 Ϯ 0.5 ml·min Ϫ1 ·mmHg Ϫ1 ). Thus this study reveals that, unlike the young, increased FPP does not elicit an increase in movement-induced hyperemia or vasodilation in the old. In light of recent evidence that the majority of the first minute of passive movement-induced hyperemia is predominantly nitric oxide (NO) dependent in the young, these findings in the elderly may be largely due to decreased NO bioavailability, but this remains to be definitively determined. aging; passive movement; blood flow; posture THE LOWER LIMBS, important for activities of daily living, have been documented to have a ϳ20 -30% reduction in blood flow and vascular conductance with age, the deleterious effects of which likely contribute to decreased physical function and increased disease risk in the elderly (25, 27) . This attenuated leg blood flow (LBF) and leg vascular conductance (LVC) at rest (26, 35) appear to be due in part to decreased limb oxygen demand (8), as well as augmented sympathetic nerve activity (7) and ␣-adrenergic vasoconstriction (9), increased endothelin-1-mediated vasoconstriction (44), increased free radical concentration (10), and reduced nitric oxide (NO) bioavailability (2, 6, 13). While LBF and LVC during exercise are also attenuated with age (11, 26, 37, 56), due to the complexity of the physiological responses to exercise, the mechanisms responsible for age-related reductions in leg hyperemia are not fully understood.
oxide (NO) bioavailability (2, 6, 13) . While LBF and LVC during exercise are also attenuated with age (11, 26, 37, 56) , due to the complexity of the physiological responses to exercise, the mechanisms responsible for age-related reductions in leg hyperemia are not fully understood.
Recently, our laboratory (18, 28, 45-47, 50, 54) and others (14, 19, 21, 34, 35) have utilized exercise models that are essentially devoid of metabolic change, and therefore metabolically mediated vasodilation, to study the central and peripheral contributors to skeletal muscle hyperemia. Specifically, with respect to aging, supine passive limb movement has been documented to elicit a transient increase in LBF and LVC, the magnitude of which is significantly attenuated in the elderly (28) . Therefore, considering that passive limb movement-induced hyperemia occurs in the absence of increased metabolism, it is likely that the mechanism responsible for the attenuated skeletal muscle blood flow with age is primarily vascular in nature. Indeed, our group has demonstrated that reducing NO bioavailability via nitric oxide synthase (NOS) inhibition (intra-arterial infusion of N G -monomethyl-Larginine, L-NMMA) greatly reduced the hyperemic response to passive leg movement by ϳ80% in young males (46) , resulting in a response similar to that of older subjects. This suggests that the LBF response to passive limb movement could be a valuable index of NO-mediated vascular function, which is attenuated with age (2, 6, 13) .
Posture has a profound effect on central and peripheral hemodynamics due to the influence of gravity (38) . Specifically, in the supine posture femoral arterial blood pressure is roughly equal to aortic pressure while femoral venous pressure is close to zero (6) (7) . This facilitates peripheral venous return and ultimately stroke volume (SV), and keeps heart rate (HR) relatively low. In contrast, an upright posture produces a hydrostatic column, shifting blood to the lower limbs and differentially increasing both leg arterial and venous pressure, such that femoral perfusion pressure (FPP) is increased. Therefore, as a consequence of this posture-induced increase in FPP, resting LBF may be elevated (12) . Furthermore, young males exhibit a significant vasodilatory reserve (difference in ⌬LVC peak between uprightseated and supine posture) that facilitates a LBF response to passive movement in the upright-seated posture that is more than double that of the supine posture (47) . However, the effect of such a posture change on passive movement-induced hyperemia, and subsequent assessment of vasodilatory reserve, has yet to be studied in the aging population, and may provide significant insight into age-related blood flow control during exercise.
Consequently, the purpose of this study was to investigate the effect of altered FPP on movement-induced hyperemia with age. We hypothesized that, due to a limited vasodilatory reserve, the old, in contrast to the young, would not exhibit an augmented peak change in leg blood flow (⌬LBF peak ) and leg vascular conductance (⌬LVC peak ) in response to passive limb movement in the upright-seated posture, in comparison to the supine posture, despite a similar increase in FPP in both groups.
METHODS

Subjects
Twenty-two healthy men (10 young, 12 old) participated in this research study. Subjects were included based on an absence of overt cardiovascular or metabolic disease, sedentary to low physical activity level (assessed by questionnaire and accelerometry), and ages between 18 -25 yr for the young, and greater than 65 yr of age for the old. All procedures were approved by the Institutional Review Boards of the University of Utah and the Salt Lake City VA Medical Center, and written informed consent was obtained from each participant prior to inclusion in the study. The study conformed to the standards set by the Declaration of Helsinki.
Experimental Protocol
Each subject reported to the laboratory for both a familiarization and experimental trial. Upon arrival for the familiarization trial, anthropometric measurements were recorded, followed by instrumentation and passive leg movement, both to acquaint participants with the experimental procedure and to ensure their ability to remain relaxed during a passive leg movement protocol.
Prior to initiation of the experimental protocol, blood was collected to assess blood lipids, fasting glucose, hemoglobin, and to perform a complete blood cell count. Participants were assigned to begin in either the supine or upright-seated posture using a counterbalanced design. After instrumentation participants rested for at least 20 min prior to the start of data collection. Hemodynamic measurements were then collected during 1 min of baseline with the leg held at a constant 180°knee joint angle, followed by 2 min of passive knee flexionextension through a 90°range of motion (180 -90°) at 1 Hz. Throughout the protocol the contralateral leg remained supported and motionless with the knee joint extended. Passive movement was achieved by a member of the research team, with real-time feedback provided by a position sensor and digital display to ensure full range of motion. A metronome, initiated before the start of baseline data collection, was used to maintain cadence. Prior to the start and throughout the protocol participants were encouraged to remain passive and to resist the urge to help or hinder the passive movement. To avoid the startle reflex, participants were made aware that the passive movement would begin in ϳ1 min, but were not told exactly when the movement would begin in order to reduce the chance of an anticipatory response (50) . The protocol was repeated in the opposing body posture (upright-seated or supine) after a rest period of at least 20 min in the new posture. All experimental trials were performed in a thermoneutral environment with participants in an overnight fasted state, and having refrained from any physical activity for 24 h.
Prior to the experimental protocol, a subset of four young and four old subjects had the common femoral artery (CFA) and vein of the passively moved leg catheterized using the Seldinger technique to directly measure intravascular mean femoral arterial pressure (FAP) and mean femoral venous pressure (FVP) determined with in-line pressure transducers (Baxter, Deerfield, IL) placed at the level of the catheters. FPP was calculated as FAP minus FVP.
Measurements
Leg blood flow. Measurements of blood velocity in the CFA and vessel diameter were performed simultaneously in both the passively moved leg and the contralateral control leg distal to the inguinal ligament and proximal to the bifurcation of the superficial and deep femoral arteries using Logic 7 and Logic e ultrasound systems (General Electric Medical Systems, Milwaukee, WI). The Logic 7 and Logic e were equipped with linear array transducers operating at an imaging frequency of 14 and 12 MHz, respectively. CFA diameter was determined at a perpendicular angle along the central axis of the scanned area, and blood velocity was measured using the same transducer with a frequency of 5 MHz. All blood velocity measurements were obtained with the probe appropriately positioned to maintain an insonation angle of 60°or less. The sample volume was maximized according to vessel size and was centered within the vessel based on real-time ultrasound visualization. Using CFA diameter and mean velocity (V mean) (angle corrected, and intensity weighted) blood flow was automatically calculated by commercially available software (Logic 7 and Logic e) as V mean(vessel diameter/2) 2 ϫ 60, where blood flow is in milliliters per minute. ⌬LBF peak was calculated as peak LBF minus baseline LBF. LVC was calculated as LBF divided by mean arterial pressure (MAP).
Central hemodynamic variables. HR was determined using an electrocardiogram (ECG), and MAP was determined by finger photoplethysmography with a Finometer (Finapres Medical Systems, Amsterdam, The Netherlands) positioned at heart level. SV was calculated using the Modelflow method (Beatscope, version 1.1; Finapres Medical Systems), with cardiac output (CO) calculated as the product of SV and HR.
Knee joint angle. During each protocol, knee joint angle of the passively moved leg was continuously recorded using a Vishay Spectrol 360 degree Smart Position Sensor (Vishay Intertechnology, Malvern, PA) mounted on a BREG X2K knee brace (BREG, Vista, CA) worn by the participants.
Anthropometrics. Body mass and height were recorded and used to calculate body mass index (BMI) as BMI ϭ body mass x height 2 , where body mass is measured in kilograms and height is measured in meters. Thigh volume of the passively moved leg was calculated, as previously described (26) , using three measurements of thigh circumference (proximal, middle, and distal), thigh length, and skinfold measurements.
Physical activity level. Physical activity level (PAL) was assessed using both a subjective PAL recall questionnaire and objective accelerometer data. The PAL questionnaire included items regarding the average type, frequency, intensity, and duration of physical activity in any given week. After receiving standardized operating instructions, subjects wore an accelerometer (GT1M; Actigraph, Pensacola, FL) for seven continuous days, with adherence automatically assessed. Average total daily physical activity was expressed as both average steps per day, and average total accelerometer counts per minute. The latter assessment was separated into sedentary, low-, moderate-, high-, and very high-intensity categories using device-specific software (Actilife). Previous research has documented the validity and reliability of the Actigraph GT1M in estimation of daily physical activity (1, 52) . Classification of the subjects' level of physical activity was based on a validated step-determined scale (sedentary: Ͻ5,000 steps/day; low active: 5,000 -7,499 steps/day; somewhat active: 7,500 -9,999 steps/day; active: 10,000 -12,499 steps/day; and highly active: Ն12,500 steps/day) (40, 49) .
Data Acquisition and Statistical Analysis
Throughout each protocol ECG, SV, CO, MAP, FAP, FVP, and knee joint angle signals underwent analog-to-digital conversion and were simultaneously acquired (200 Hz) using commercially available data-acquisition software (AcqKnowledge, Biopac Systems, Goleta, CA). CFA diameter and Vmean were acquired on the ultrasound system (GE Logic 7 and Logic e). All variables were analyzed second-by-second for the first 60 s of passive movement, with 12-s averages for baseline (no movement) and 60 to 120 s of movement. All second-by-second data were smoothed using a 3-s rolling average prior to final data analysis. Regression equations for LVC over time were calculated for the first 9 s of passive movement. A 2 ϫ 2 repeated-measures ANOVA was used to determine significant differences in the movement-induced peak change in HR, SV, CO, MAP, FAP, FVP, FPP, LBF, and LVC. When a significant effect was detected, differences were identified using paired t-tests for the within-subject factor (posture), and independent t-tests for the betweensubject factor (group). Additional t-tests were conducted to compare the slope of LVC across the first 9 s of passive movement between groups and posture. Prospective and retrospective power analyses indicated power Ͼ 0.8 for all major variables. Significance was set at an ␣-level of 0.05, and data are presented as means Ϯ SE.
RESULTS
Subjects
Apart from an average age difference of 50 yr, young and old subjects were well matched for height, weight, body mass index, thigh volume, and blood characteristics ( Table 1 ). The groups also differed significantly on CFA diameter (old: 0.99 Ϯ 0.02; young: 0.91 Ϯ 0.03 cm, P ϭ 0.04). There was no difference in total daily physical activity between the groups assessed by either questionnaire or accelerometery (Table 2) , although the latter revealed that young subjects spent significantly more time in the moderateintensity range (ϳ24 min/day, P Ͻ 0.001), while the elderly spent significantly more time in the low-intensity range (ϳ70 min/day, P ϭ 0.05). However, despite differences in how total daily physical activity was achieved, both groups were categorized within the sedentary or low physically active ranges based on the step-determined scale (40, 49) .
Femoral Arterial, Venous, and Perfusion Pressure
Body posture had a significant effect on FAP, FVP, and FPP (P Ͻ 0.001 for all; Fig. 1A ). In the young, resting FAP increased by ϳ21 mmHg in the upright-seated posture (108 Ϯ 4 mmHg) compared with the supine posture (87 Ϯ 2 mmHg; P ϭ 0.004), while resting FVP increased by ϳ15 mmHg (upright: 22 Ϯ 2 mmHg; supine: 7 Ϯ 2 mmHg; P ϭ 0.005). Resting FAP in the old increased by ϳ18 mmHg with the upright-seated posture (119 Ϯ 7 mmHg) compared with the supine posture (101 Ϯ 3 mmHg; P ϭ 0.01), while resting FVP again increased differentially by only ϳ10 mmHg (upright: 22 Ϯ 3 mmHg; supine: 12 Ϯ 3 mmHg; P ϭ 0.03). The differential increases in both FAP and FVP elicited by the upright-seated posture resulted in a similarly augmented FPP (ϳ10%) in both groups at rest (old: 8 Ϯ 1 mmHg, P ϭ 0.02; young: 6 Ϯ 1 mmHg, P ϭ 0.04, Fig. 1A) , and throughout passive movement (Fig. 1B) .
Leg Blood Flow and Leg Vascular Conductance
Resting and peak change in peripheral hemodynamics are displayed in Table 3 . In the supine posture, resting LBF was lower in the old compared with the young (Fig. 2A) . Additionally, the passive movement-induced ⌬LBF peak was significantly attenuated with age (Fig. 2C) . While adopting an upright-seated posture did not change resting LBF in either group, the passive movementinduced ⌬LBF peak was significantly augmented in the young, with no effect in the old (Fig. 2C) . Similar to the passively moved leg, LBF at rest in the nonmoved control leg was lower with age in both the supine (old: 247 Ϯ 30 ml/min; young: 364 Ϯ 38 ml/min) and upright-seated postures (old: 251 Ϯ 25 ml/min; young: 349 Ϯ 53 ml/min), but remained essentially unchanged throughout the passive movement protocol. Similar results were apparent when these comparisons were made with the LVC data ( Table 3, ), for the first 9 s of movement-induced hyperemia, were significantly reduced with age in both the supine (old: 0.38 Ϯ 0.05; young: 0.65 Ϯ 0.12, P Ͻ 0.05) and uprightseated (old: 0.46 Ϯ 0.05; young: 1.15 Ϯ 0.04, P Ͻ 0.001) postures, and were significantly augmented in the upright-seated posture, compared with supine, only in the young (P Ͻ 0.05, Fig. 3 ).
Due to the tendency for thigh volume to be reduced in the elderly, LBF and LVC were reanalyzed after normalizing for thigh volume. Following this normalization, differences in resting LBF in the supine (old: 3.
; P ϭ 0.07) and upright-seated posture (old: 3.8 Ϯ 0.3 ml·min Ϫ1 ·dl Ϫ1 ; young: 5.2 Ϯ 0.9 ml·min Ϫ1 ·dl Ϫ1 ; P ϭ 0.14), as well as the ⌬LBF peak in the supine posture (old: 6.6 Ϯ 0.5 ml·min Ϫ1 ·dl Ϫ1 ; young: 8.3 Ϯ 1.0 ml·min Ϫ1 ·dl Ϫ1 ; P ϭ 0.09), were not significantly different between old and young. However, as thigh volume remains constant between body postures, normalizing for thigh volume did not negate the significant age-dependent effect of increased FPP on the augmentation of movement-induced ⌬LBF peak (old: 6.6 Ϯ 0.9 ml·min ; P Ͻ 0.001). Similar results were apparent when this approach was applied to the LVC data.
Central Hemodynamics
Resting and peak change in central hemodynamics are displayed in Table 3 . At rest there was no difference in HR, SV, 
Values are means Ϯ SE for young (n ϭ 10) and old (n ϭ 12). Based on accelerometry data. #P Ͻ 0.05 compared with young.
or CO between groups in either body posture. The older group had a tendency toward a higher MAP in both postures (P ϭ 0.08). The upright-seated posture elicited a small, but significant, increase in resting HR in the young (supine: 56 Ϯ 2 beats/min; upright-seated: 59 Ϯ 2 beats/min, P ϭ 0.01), with no differences in SV, CO, or MAP in either group, and no change in HR in the old. Significant increases in HR, SV, and CO, and decreases in MAP (P Ͻ 0.05) occurred as a consequence of passive movement, but the peak changes in these variables were not different between groups and between the supine and upright-seated posture (P Ͼ 0.05).
DISCUSSION
Utilizing an exercise model devoid of metabolism yet robust in its hyperemic response, we sought to elucidate the impact of increasing FPP on the attenuation of blood flow with age.
Despite rigorous matching of subjects, the elderly exhibited an ϳ30% attenuation in LBF and LVC at rest, compared with the young, that was maintained during supine passive leg movement. Novel findings of the current investigation include 1) moving from the supine to upright-seated posture led to an increased FPP (ϳ7 Ϯ 1 mmHg) that was independent of age; 2) the increased FPP revealed a vasodilatory reserve in the young that nearly doubled the ⌬LBF peak and ⌬LVC peak ; 3) due to limited vasodilatory reserve, the elderly failed to achieve a greater passive movement-induced hyperemia in the uprightseated posture despite the similar increases in FPP; and 4) the elderly exhibited a reduced slope for LVC over time for the first 9 s of passive movement. Given that the central hemodynamic responses to passive limb movement were similar between age groups and posture, it is likely that the mechanism responsible for this age-specific movement-induced difference in hyperemia is peripheral in nature. Indeed, the reduced (ϳfirst 9 s) NO-independent vasodilation, in combination with recent evidence that passive movement-induced hyperemia in the young is predominantly NO-dependent, suggest that this limited vascular function and evidence of reduced vasodilatory reserve in the elderly may be a consequence of overall vascular dysfunction. However, although the passive movementinduced hyperemia is clearly attenuated with age, partitioning the contributors, or lack thereof, to the vasodilatory response requires further study.
Importance of Effective Subject Matching
In any study that cross-sectionally examines the effect of age, there are typically differences between the groups that may blur the interpretation of the findings. Therefore, an important component of the present study is that, while this group of elderly men was ϳ50 yr older than their young counterparts, they did not exhibit significantly different levels of fasting glucose, lipids, or blood cell count (Table 1) . Additionally, anthropometric measures were not different between young and old, although weight and body mass index tended to be higher, and thigh volume lower, in the elderly.
Another often confounding factor is the observation that the elderly population engages in less daily physical activity compared with the young (3, 16, 53) . Furthermore, regular physical activity reduces the deleterious effect of age on the cardiovascular system (6, 41) . Therefore, without careful subject selection or covariate statistical analyses, vascular dysfunction with age could, at least in part, be the result of this lower physical activity level. In the present study, using total steps per day (Table 2) , both age groups were classified as being low physically active (42) . Interestingly, when utilizing the perhaps more discerning accelerometry data it was evident that the young spent ϳ24 min/day more time engaged in moderate physical activity than the old (Table 2) , with the similar total physical activity between groups explained by the older subjects spending more time (ϳ70 min/day) involved in lowintensity physical activity (Table 2) . Together these subject characteristic data are important as they indicate that the attenuated blood flow and vasodilatory reserve with age, documented in this study, are not simply the result of differences in factors recognized to influence blood flow and vascular health (e.g., blood lipids, hemoglobin, or physical activity), but are likely due to aging itself.
Age and Attenuated Skeletal Muscle Blood Flow During Rest and Exercise
Healthy aging has previously been demonstrated to have deleterious effects on basal LBF and LVC (8, 28) . In agreement with these previous findings, the present investigation has documented that resting LBF and LVC in the old were ϳ30% and ϳ35% less than in the young, respectively, and this was independent of body posture. While reductions in LBF and LVC have been further evidenced during a variety of active exercise modalities (11, 26, 37, 54, 56) , the complexity of physiological mechanisms associated with muscle contraction make it difficult to isolate the contribution of limb movement on limb hyperemia.
Passive limb movement, in contrast to active exercise, is an experimental paradigm that is essentially devoid of metabolic change, yet causes a significant increase in LBF and LVC (28, 54) . Interestingly, while both groups demonstrated an immediate increase in movement-induced vasodilation and leg hyperemia (ϳfirst 9 s), previously determined to be independent of NO in young subjects (46) , the slope of the rise in LVC over this initial time period was significantly attenuated with age (Fig. 3) . Furthermore, augmenting FPP increased the slope of LVC over time for the first 9 s in the young, with no change in the old. Mechanical deformation of the vascular beds, resulting from changes in quadriceps and hamstring muscle length, likely stimulate the initial NO-independent vasodilation (5, 23, 29) , which appears to be blunted in the elderly. However, despite differences in initial, potentially NO-independent vasodilation, it is likely that additional endothelium-dependent mechanotransduction of shear forces contributes to the vasodilatory cascade by a subsequent release of NO (22, 30, 36, 43) that then remains the dominant vasodilator for the remainder of the passive movement, at least in the young (46) . Additionally, evidence examining the age-associated redistribution of blood flow away from oxidative fibers in the rat hindlimb (31) appear to be mediated, in part, by reduced NO bioavailability (20) . In support of a potential reduction in NO bioavailability with age, previously, McDaniel et al. (28) documented an attenuated movement-induced hyperemia in the supine posture in the elderly. Confirming these prior results by McDaniel et al. (28) , data from the present study reveal a ϳ25% lower movementinduced ⌬LBF peak and ⌬LVC peak with age in the supine posture (Fig. 2, C and F) . Furthermore, novel evidence from the upright-seated posture documenting an even greater attenuation (ϳ60%) in movement-induced ⌬LBF peak and ⌬LVC peak in Values are means Ϯ SE for young (n ϭ 10) and old (n ϭ 12). MAP, mean arterial pressure; CO, cardiac output; SV, stroke volume; HR, heart rate; LBF, leg blood flow; LVC, leg vascular conductance. *P Ͻ 0.05 compared with supine. †P Ͻ 0.05 compared with baseline. #P Ͻ 0.05 compared with young. the old subjects (Fig. 2, C and F) is again suggestive of peripheral vascular dysfunction with age and extends our previous findings to reveal a limited vasodilatory reserve in the elderly.
While not significantly different between groups, the young tended to have a greater thigh volume compared with the old. A larger thigh volume has the potential for a more extensive vascular bed, and therefore a greater vasodilatory capacity. Therefore, with the recognition that such a normalizing will increase the variance in the data, it seemed prudent to examine the effect of normalizing movement-induced hyperemia for thigh volume. While normalizing for thigh volume blurred the results for resting LBF and LVC in both postures, and ⌬LBF peak and ⌬LVC peak in the supine posture, thigh volume remained constant between body postures, and therefore cannot explain the lack of a vasodilatory reserve in the elderly. As such, the overall interpretations of our results are unchanged by this normalization procedure. Surprisingly, contrary to our previous findings (28) , there were no differences in central hemodynamic responses to passive limb movement between age groups ( Table 3 ), inferring that central mechanisms are not an obligatory limiting factor in the attenuated movement-induced hyperemia with age. Indeed, this is important as several studies have documented a role for central hemodynamic responses in the passive movement-induced hyperemia by blocking group III/IV muscle afferent signaling through intrathecal fentanyl injection (45) , studying patients with spinal cord injury (50), or examining transplant patients with denervated hearts (18) . While these previous studies did report significant reductions in movement-induced hyperemia (25-50%), the magnitude of the reduction was far less than that seen during NO blockade (46) , providing further evidence that the majority of the hyperemic response to passive limb movement is peripherally mediated and, as evidenced in the present study, affected by aging.
Differential Orthostatic Responses to Passive Limb Movement with Age
Moving from the supine to upright-seated posture elicited a differential increase in FAP and FVP that resulted in a ϳ10% increase in FPP at rest and throughout passive movement in both the young and old subjects (Fig. 1) . This increased FPP nearly doubled the ⌬LBF peak and ⌬LVC peak in the young. However, despite a similar increase in FPP, the old failed to achieve an augmented movement-induced ⌬LBF peak and ⌬LVC peak in the upright-seated posture (Fig. 2, C and F) . In both groups, HR and CO transiently increased during the first minute of passive movement, likely helping to support the greater limb hyperemia. However, as already noted, neither the time to peak nor the magnitude of the peak change in HR and CO was different between age groups or body posture (Table 3) , suggesting central hemodynamic responses did not differentiate the group peripheral hemodynamic responses.
Prior investigations into orthostatic intolerance with age have suggested that older individuals maintain MAP during head-up tilt by increasing total peripheral resistance (24, 48) , while the young increase HR and CO (15, 24, 48) . The mechanism by which the young maintain MAP with orthostatic changes could lead to increased resting and movement-induced hyperemia in the upright-seated posture, while the mechanism in the old, increased total peripheral resistance, could prevent the FPP-induced augmentation of leg hyperemia. However, while resting HR in the young was significantly elevated by ϳ3 beats/min in the uprightseated posture, this did not result in a significant increase in CO (Table 3) . Furthermore, resting LVC was unaltered with postural change in either group, indicating that the upright-seated posture did not result in increased vascular resistance at rest (Fig. 2D) . These data indicate that actively altering posture, as opposed to an orthostatic challenge, has little effect on CO or total peripheral resistance in either the young or old subjects. Therefore, as both groups experienced similar transient increases in HR, SV, and CO, and similar transient decreases in MAP with passive movement, the fact that the upright-seated posture-induced increase in FPP failed to augment movement-induced LVC in the old can likely be attributed to decreased peripheral vascular responsiveness and vasodilatory reserve.
Vascular Dysfunction and Attenuated Vasodilatory Reserve with Age
The preponderance of evidence has indicated that endothelial function declines with advancing age, whether assessed by intra-arterial infusion of the vasodilator acetylcholine (6, 13, 32) , or the assessment of flow-mediated vasodilation by increasing endothelial shear stress utilizing the post-cuff occlusion technique (2, 4, 33, 51) , typically performed in the brachial artery (17) . However, recent studies have noted that limb-specific vascular aging may lead to greater vascular dysfunction in the lower extremities (33, 39) , suggesting that the assessment of brachial artery vascular function may not be the most appropriate tool for assessing changes in global vascular function with age (55) .
Previously we have demonstrated that reducing NO bioavailability via NOS inhibition (intra-arterial infusion of L-NMMA) drastically (ϳ80%) reduced the hyperemic response to passive movement in young males (46) , suggesting that the LBF response to passive limb movement is another feasible method for assessing vascular health, endothelial function, and NO bioavailability. Consequently, it is not unreasonable to infer that because the young have greater NO bioavailability, in the present study they were likely able to take advantage of the ϳ10% increase in FPP caused by the upright-seated posture to augment the vasodilatory cascade at the onset of passive movement, while, in contrast, our data suggest that the old did not possess this vasodilatory reserve (Fig. 4) and were, therefore, unable to take advantage of this greater stimulus to vasodilate.
Experimental Considerations
As peripheral measures of blood pressure may not reflect differences in central blood pressure with age, the pressure gradient from arterial to venous vessels across the muscle (FPP) may be the more appropriate variable when examining the influence of pressure on peripheral circulation. In the present study, femoral perfusion pressure was not different between young and old subjects in either the supine or uprightseated posture, and FPP increased to a similar extent in both age groups when moving to the upright-seated posture. Combined with the lack of a significant difference in MAP measured with finger photoplethysmography in the periphery or direct pressure assessment in the common femoral artery, these data suggest that the differential hyperemic response to passive movement with age was most likely not the result of pressure differences between groups. Additionally, differential baroreflex sensitivity and sympathetic nervous system activity could contribute to altered vascular responses with age. However, the subjects studied did not exhibit any age-related differences in the HR or MAP response to passive movement, and when expressed as leg vascular conductance, the attenuated hyperemic response in the elderly is still clear. Therefore, it is unlikely that MAP, differential baroreflex sensitivity, and/or SNS activity explain the age-related differences in movementinduced hyperemia in this study.
Finally, insinuations about reduced NO bioavailability and attenuated movement-induced hyperemia with age in the present study rely upon the assumption that the elderly could have a similar NO-mediated contribution to movement-induced vasodilation as that previously documented in the young (ϳ80%) (46) . However, it is, of course, possible that the ratio of NO-dependent to NO-independent vasodilators differs with age. Therefore, future investigations examining both age and postural-related differences in movement-induced hyperemia should employ NOS inhibition in old subjects to further clarify the possible role of NO in the passive movement model.
Conclusion
In conclusion, aging significantly attenuates the hyperemic response to passive limb movement. In contrast to the young, increased FPP, evoked by moving from the supine to uprightseated posture, failed to augment the movement-induced hyperemia in the elderly. Based upon previous data collected in young subjects, the blunted response to the first 9 s of passive movement in the old implies attenuated NO-independent vasodilation with age, while the observation that up to ϳ80% of the hyperemic response to passive limb movement across the complete first minute of movement is actually NO mediated suggests a role for reduced NO bioavailability in the elderly. Therefore, given that the central hemodynamic variables were similar both between age groups and body postures, these data suggest that limited peripheral vascular function and vasodilatory reserve, perhaps primarily mediated by decreased NO bioavailability, may be responsible for the attenuated movement-induced hyperemia in the elderly.
